Unstiffened steel plate shear walls (SPSWs) have been in use mostly in recent years. In this numerical study, the buckling behavior of a single-storey single-bay unstiffened SPSW with two pinned and rigid beam-column connections under lateral loading is investigated. The SPSW had different wall aspect ratios (L/h=1, 1.5, 2, 2.5, and 3) and infill plate thicknesses (tw= 3, 5, and 7 mm). Their effect on the buckling behavior of SPSW was examined using buckling analysis in ABAQUS software. Results indicated that with the increase of infill plate thickness, the lateral resistance of unstiffened SPSW system increases, but by increasing wall aspect ratio, its resistance decreases. In both connection designs, the model with L/ h=1 (square-shaped model) showed better ductility and higher stiffness and strength in all three thicknesses. Maximum shear stress responses of SPSW models showed that in pinned design with L/h=1, the most change in shear stress values was 8% when infill plate thickness reached from 5 to 7 mm; while for rigid connection, it was reported as 7% when it increased from 3 to 5 mm. This indicates that in rigid connection, increasing the infill plate thickness has less effect on the increase of lateral resistance. By examining the performance of rigid and pinned beam-to-column connections with different wall aspect ratio and infill plate thickness, it was found out that maximum shear stress in rigid connection increased by 11% compared to pin connection. It was concluded that an optimum unstiffened SPSW model had a wall aspect ratio of 1 and infill plate thickness of 7 mm.
Introduction
In the past two decades the steel plate shear wall (SPSW) has been used in a number of buildings in Japan and North America as part of innovative lateral force resisting system. It consists of steel infill plates bounded by horizontal (beams) and vertical boundary elements (columns). This system has many advantages including high initial stiffness, excellent ductility, robust resistance to cyclic degradation and significant energy dissipation [1] . Similar to plate girders, the SPW system optimizes component performance by taking advantage of the post-buckling behavior of the steel infill panels. The infill plates are meant to serve as the fuse elements. When damaged during an extreme loading event, they can be replaced at a reasonable cost and restore the full integrity of the building. The thickness of the infill plate in a SPSW is often governed by factors other than strength; this often results in much stronger shear walls than required for lateral load resistance. This creates a problem in capacity design, as it introduces excessive design forces to the boundary members, and thus increasing their required size [2] . To address this problem, the use of light-gauge, cold-formed, steel infill plates or low yield strength steel [3, 4] , vertical slits [5, 6] , or a regular pattern of circular perforations in the infill plate [4] have been proposed. A properly designed SPSW can have high initial stiffness, strength, and energy absorption capacity as well as superior ductility. SPSWs have been commonly designed with unstiffened and stiffened infill plates based on economical and performance considerations.
There are some experimental studies on single or multi-storey unstiffened SPSWs to assess their behavior. For example, Caccese et al. [7] in an experimental study on seismic behavior of unstiffened thin SPSW under cyclic loading, indicated that the specimens with thinner plates exhibit an inelastic behavior that was controlled primarily by yielding of the thin plate. The specimens with thicker plates showed an inelastic behavior that was primarily governed by the columns, and the capacity of the specimen with the thickest plate is limited by the instability of the column. Behbahanifard et al [8] tested a 3-storey unstiffened SPSW under both lateral and cyclic loading. They concluded that column flexibility parameters can significantly affect the behavior of SPSWs. Some studies such as Tsai and Li [9] and Alavi and Nateghi [10] , further investigated SPSWs with various types of stiffeners including longitudinal stiffener, transverse stiffener, cross stiffener, diagonal stiffener, vertical and horizontal ribbed stiffener, etc. Sabouri-Ghomi and Mamazizi [11] tested two one-story SPSWs with and without stiffeners and one of their surrounding frames, and then studied their behavior. Installation of stiffeners improved the behavior of the steel plate shear walls. It caused 26% increase in energy dissipation capacity and 51.1% increase in the shear stiffness of steel plate while its effect on the steel plate shear strength was minor. In another study, Nie et al. [12] showed that the strength and stiffness characteristics of the walls were reduced in walls with openings. Sabouri-Ghomi and Mamazizi [13] experimentally studied the effects of two openings on the structural behavior of SPSWs. Their tests were performed on three one-third scaled single-story SPSW specimens with two rectangular openings under quasi-static cyclic loading. Their results showed that the ultimate shear strength, stiffness and energy absorption were the same in all three perforated specimens and the interval between the two openings had no effect on these values. Rajeev et al. [14] compared the behavior of geometrically different unstiffened and stiffened SPSWs with and without openings under quasi static cyclic and monotonic loading conditions. According to them, the use of stiffeners on both sides of the infill panels can significantly improve the strength and stiffness performance of stiffened SPSW system compared to Unstiffened SPSW.
There are also some numerical studies on stiffened or unstiffened SPSW systems. For example, Deylami and Daftari [15] analyzed non-linear behavior of SPSWs by investigating the effect of some important geometrical parameters such as plate thickness, opening aspect ratio and opening percentage. Their results showed that optimum aspect ratio for opening depends mostly on the plate thickness rather than the percentage of the opening. Also, for a determined opening percentage, the thinner plates attain their maximum shear capacity with smaller opening aspect ratio. Rezai et al. [16] showed the accuracy of the finite element models on predicting the behavior of SPSWs in terms of elastic stiffness, yield and ultimate strength as well as post-buckling behavior. Alinia and Dastfan [17] numerically studied cyclic behaviour, deformability and rigidity of stiffened SPSWs. According to them, unstiffened SPSWs provide a more ductile response while heavily stiffened SPSWs have a wider yield area, which in turn results in higher energy dissipation. Habashi and Alinia [18] studied the nonlinear response of SPSW systems under lateral loading with respect to the interaction between the infill plates and frame members. They showed that the infill plates are very effective in the initial stages of loading (up to the drift angle of 1%) and absorb substantial part of storey shear. But, once diagonal yield zones are developed in the infill plates, they begin to lose their effectiveness.
Nie et al. [12] used finite element model of a single-story wall panel with boundary columns to investigate the lateral force resistance behavior of stiffened SPSWs and found good agreement between the experimental and numerical results. Bhowmick et al. [2] numerically examined behaviour of unstiffened SPSWs with circular perforations in the infill plates. For this purpose, eight perforation patterns in a single storey SPSW of two different aspect ratios were analyzed using a geometric and material non-linear finite element model to assess the proposed shear strength model. Their comparison results demonstrated the accuracy of the proposed simple model to predict the design forces in the columns. Rahmzadeh et al. [1] used finite element analysis to study the effect of the rigidity and arrangement of stiffeners on the buckling behavior of SPSWs. They used transverse and/or longitudinal stiffeners in various practical configurations. They concluded that the use of stiffeners in SPSW systems not only improves the structural behavior, such as stiffness, overall strength and energy absorption, but also leads to a reduction of the forces that are exerted on the boundary elements. Zirakian and Zhang [19] numerically evaluated the structural behavior and performance of SPSWs with unstiffened low yield point steel infill plates. Their numerical results revealed the efficient strength, stiffness, and cyclic performances of such systems.
Kalali et al. [20] presented a numerical investigation of the hysteretic performance of SPSWs with trapezoidally corrugated infill plates. Finite element cyclic analyses were conducted on a series of flat-and corrugated-web SPSWs to examine the effects of web-plate thickness, corrugation angle, and number of corrugation half-waves on the hysteretic performance of these systems. Their study showed that optimal selection of the web-plate thickness, corrugation angle, and number of corrugation half-waves along with proper design of the boundary frame members can result in high stiffness, strength, and cyclic performances of such corrugated-web SPSWs. Rajeev et al. [14] studied different configuration of stiffeners in SPSWs with and without openings in ANSYS software. Numerous finite element models were considered based on infill plate thickness, opening percentage and stiffener configuration. Excellent agreement was observed between numerical and experimental results. For the numerical model the peak load observed during the test was underestimated only by 4%. Formisano and Lombardi [21] conducted a parametric finite element analysis on different series of perforated SPSWs by changing the number and diameter of the holes, the plate thickness and the metal material. The influence of gravity loads on the overall performance of SPSW under the monotonic and cyclic loadings was investigated numerically by Lv and Li [22] . For this purpose, they analyzed specimens with the axial stresses of the boundary columns equal to 100, 200 and 300 MPa. They found very good predictions of the ultimate strengths, hysteresis properties and failure modes. In another numerical investigation by Verma and Ranjan Sahoo [23] on the seismic behaviour of SPSWs with staggered web configurations in OpenSees application, nonlinear static and dynamic analyses were performed to compare the drift response, hinge mechanisms, and steel tonnage."Staggered SPSWs showed uniform drift distribution and reduction in interstorey drift and axial force demand on the vertical boundary elements".
In the traditional analysis and design of steel frames, beam-column connections are often assumed to be rigid, semirigid or pinned. Most of experimental studies mentioned above have been focused on performance of SPSW test specimens with the moment resisting (rigid) connections between the boundary elements. There are also some studies examined seismic behaviors of steel frames with semi-rigid beam-column connections [24] [25] [26] [27] . In SPSW systems, boundary elements with rigid beam-column connections require the use of larger structural sections to be capable of resisting the induced flexural demand. Smaller structural sections can be used if pinned beam-to-column connections are employed because of the reduced material requirements in the boundary elements [28] . There are only a few researches on SPSWs with pinned beam-to-column connections [28] [29] [30] . Considering this limitation and the importance of the influence of beam-column connection and wall characteristics on the behavior of SPSWs, in this paper we aimed to investigate the performance of unstiffened SPSW with rigid and pinned beam-column connections under lateral loading (compressive forces). An analytical study is carried out using finite element analysis in ABAQUS software to evaluate the strength of unstiffened SPSWs with different aspect ratios and infill plate thicknesses.
Methodology
In this study we analyzed a single-storey single-bay SPSW model developed by Habashi and Alinia [18] with the span length-to-story height ratio (L/h) = 1, h = 3000 mm, and infill plate thickness (tw) = 3 mm, designed according to the AISC Design Guide 20 [31] and the AISC 341-05 [32] rules and provisions. Designed section for beam is W14×176 and for column is W14×257. Two primary design types were studied: rigid beam-to-column and pinned beam-to-column connections. They had different L/h ratio (1, 1.5, 2, 2.5, and 3) and infill plate thicknesses (tw= 3, 5 and 7 mm). Figure  1 shows the 3D model of SPSW models. Horizontal and vertical boundary elements as well as infill plate were meshed and modeled in ABAQUS finite element software using 8-node reduced integrated shell element (S8R). The reduced integrated formulation was used in order to provide more accurate results and to reduce computation time. The minimum size of structured mesh (in infill plate) is 10×10 cm, and the maximum size is 20×30 cm (in the perimeter frame).
The ST37 steel was employed having Young's modulus (E) = 200 MPa and Poisson's ratio = 0.3. The yield stress of steel in frame members was 385 MPa and for infill wall it was 327 MPa. For material modeling, elastic stress-strain curves of materials were used (Figure 2 ).
Compressive forces (lateral loads) were applied to the upper end of the beam (from left to right) which gradually increased from zero to the ultimate capacity of the system to investigate its buckling behavior. The bottom nodes of both columns flanges and webs were restrained from displacement in all directions. Plastic hinges were only allowed to form at the ends of horizontal and lower ends of vertical boundary elements (Figure 1 ).
Linear buckling analysis was used to estimate buckling strength of the models where deformation scale factor was +1.000e+00. Buckling is possible when compressive stresses or shear stresses are applied to a structure. In this regard, the shear stress contours were illustrated for each model. The average shear stress () is calculated using following equation, where F= the applied force, and A= the cross-sectional area of the material with area perpendicular to the applied force. 
Test Verification
For validating the accuracy and applicability of non-linear finite element model of beam-column connections in SPSW system, the numerical models were calibrated with the model developed by Habashi and Alinia [18] . They investigated nonlinear response of SPSW systems under lateral loading. Their model is shown in Figure 3 . The beam-column connection included reduced beam section (RBS) where a= 200 mm, b= 300 mm and c= 95 mm. By conducting finite element and pushover analyses, SPSW system was studied by varying the beam length from 3 m to 9 m (L/h= 1, 1.4, 1.8, 2.2, 2.6 and 3) and infill thicknesses (tw=3, 5 and 7 mm). For more details see Reference [18] .
Load-displacement curves of numerical results and those of verified results presented by Habashi and Alinia are shown in Figure 4 which indicates a good agreement between them (Error rate= 14%). The major difference between the results was observed in 7-cm displacement where base shear was reported as 3038 kN, while in the results of Habashi and Alinia, it was reported as about 2600 kN. 
Numerical Results
In this section, shear stress responses of SPSW systems with two rigid and pinned connections with respect to their different wall aspect ratio and infill plate thicknesses are presented to find out their optimum aspect ratio and infill plate thickness. Figure 5 illustrates the shear stress contours of SPSW models with pinned beam-to-column connection. In SPSW with L/h=1 (square-shaped model) in all three thicknesses, the stress has distributed on the entire infill plate and the deformation inside the plate is almost uniform (red areas), while the blue areas have remained in the linear elastic range. The increase of shear stress from 3 to 5 mm was 7% and from 5 to 7 mm it was 8%. Therefore, it is observed that, despite the increase in thickness, its effect on aspect ratio of 1 is not considerable. This is because of the uniform distribution of stress in the infill plate.
SPSW with Pinned Beam-to-Column Connection
In SPSW model with L/h=1.5, the distributed stress is almost elastic, and the local buckling occurrence was observed in less shear stress value compared to the model with L/h=1, and the thickness effect is greater such that in an increase from 3 to 5 mm, the values of maximum shear stress almost has tripled, while with the increase of tw from 5 to 7 mm, the increase in maximum shear stress is 93%.
In the model with L/h=2, the distributed stress inside the infill plate was linear, and the local buckling which stopped analysis and presenting report by the software, was occurred in less shear stress than that of model with aspect ratio of 1. By increasing tw to 5 mm, maximum shear stress was increased by 62%, while this increase was only 37% when tw increased from 5 to 7 mm.
In the model with L/h=2.5, it was observed that local buckling was occurred in the corner of the pinned frame at lower shear stress than the SPSW model with square shape. Similar to the model with aspect ratio of 2, the highest increase in maximum shear stress was observed when tw increased to 5 mm (69%). For the increase from 5 to 7 mm, the increase rate was 40%.
Finally in SPSW with L/h=3 where maximum shear stress is less than that of square-shaped model, results showed that before the buckling occurrence in infill plate, the perimeter frame was buckled at the connection area and also at the location where the force was applied. Similar to the models with aspect ratios of 2 and 2.5, the highest increase in maximum shear stress in this model was observed when tw was increased to 5 mm (62%). When tw increased from 5 to 7 mm, this increase was 37%.
Overall, it was found out that the model with aspect ratio of 1 had better ductility and higher stiffness and strength in all three 3, 5, and 7 mm infill plate thickness. Also, the increase of plate thickness had the highest effect on increasing maximum shear stress in the model with L/h=1.5.
The maximum shear stress results of SPSW models with pinned beam-to-column connection are presented in Table 1 . Figure 6 plots the comparison of these results. By the increase of wall aspect ratio, It was observed that the performance of the system with lower thicknesses was better in model with L/h=1. With the increase of aspect ratio, the effect of the infill thickness on the performance of SPSW system was increased. Maximum shear stress values are the values at which buckling occurs; hence, by increasing the thickness of the infill plate, the buckling can occur in higher shear stresses. This indicates that optimum infill plate thickness in pinned beam-to-column connection is 7 mm. 
SPSW with Rigid Beam-to-Column Connection
Shear stress distributions of SPSW model with rigid beam-to-column connection are illustrated in Figure 7 . The interpretation of shear stress contours in this design is similar to those of SPSW with pinned design. In SPSW model with L/h=1, maximum shear stress was increased by 7% when tw increased to 5 mm, and by 4% when tw reached 7 mm. This shows that the effect of increase in thickness is not high in this aspect ratio due to the uniform distribution of stress in the infill plate.
In the model with L/h=1.5, the effect of increase in thickness was higher compared to the model with L/h=1. When tw was increased to 5 mm, maximum shear stress increased by three times, and when it reached to 7 mm, the increase in value of maximum shear stress was almost 100%. For the SPSW model with L/h=2, when tw increased from 3 to 5 mm, maximum shear stress increased by 63%. When tw reached 7 mm, the increase in maximum shear stress was reported as 37%. This indicates that this model can behave better with 5-mm infill plate thickness. In the model with L/h=2.5, by increasing tw to 5 mm, maximum shear stress was increased by 69%, while this increase was only 40% when tw increased from 5 to 7 mm. This indicates the similar behavior between the models with aspect ratio of 2 and 2.5; they had better behavior with 5-mm infill plate thickness. Finally, shear stress results of the model with L/h=3 showed that this, similar to the models with aspect ratios of 2 and 2.5, the highest increase in maximum shear stress was observed when tw increased to 5 mm (62%). For the increase from 5 to 7 mm, the increase rate was 37%.
In overall, the model with aspect ratio of 1 had better ductility and with higher stiffness and strength in all infill plate thickness. Based on the results, the use of thicker inflate plates in SPSW with rigid connection can increase the lateral resistance of the system. Also, in the model with L/h=1.5, the increase of plate thickness had the highest effect on increasing maximum shear stress, and consequently on its behavior. Table 2 presents the maximum shear stress results for the SPSW model with rigid design and Figure 8 illustrates the comparison of these results. The effect of infill thickness is evident in all aspect ratios, and higher infill thickness has lead to increased resistance. By increasing the thickness of infill plate, the maximum shear stress significantly increased and buckling occurred in higher shear stress similar to the model with pinned connection. So, we can say that optimum infill plate thickness in this connection was 7 mm .With the increase of wall aspect ratio, maximum shear stress results of the models with all infill plate thicknesses were decreased; in this regard, it can be said that the SPSW system with rigid beam-to-column connection had best behavior with aspect ratio of 1 (square shape). 
Conclusion
In this paper, it was attempted to numerically investigate the effect of wall aspect ratio and infill plate thickness on the buckling behavior of a single-storey single-bay unstiffened SPSW with two pinned and rigid beam-column connections under lateral loads. By applying linear buckling analysis in ABAQUS software, results revealed the effect of infill plate thickness in models with various aspect ratios in both designs where the high thickness led to increased buckling strength of SPSW model. The model with L/h=1 (square-shaped SPSW model) showed better ductility and higher stiffness and strength in all three thickness. In pinned design, the most change in shear stress in model with L/h=1 (square-shaped model) was 7% when the plate thickness increased from 3 to 5 mm. and when it reached to 7 mm, the increase in buckling strength was 8%. For the rigid design, it was reported as 7% by increasing thickness to 5 mm and almost 4% with an increase from 5 to 7 mm. This indicates that in rigid beam-column connection, increasing the infill plate thickness has less effect on the increase of lateral resistance. By comparing the type of beam-column connections in SPSW with the same infill thickness (3 mm) and aspect ratio (L/h=1), it was found out that the increase in lateral resistance is equivalent to 11% which is technically acceptable. In SPSW model with rigid connection having 7mm-infill thickness and aspect ratio of 1, lateral resistance increased by 75% compared to L/h=1.5 and compared to L/h=3, the increase was 252%. In SPSW with pinned connection, these increases were 75 and 265%, respectively. Overall, it was concluded that with the increase of infill plate thickness, the lateral resistance of unstiffened SPSW system increases, but by increasing wall aspect ratio, its resistance decreases. The optimum wall aspect ratio and infill plate thickness was 1 and 7 mm, respectively. We recommend further research on studying the behavior of stiffened SPSWs with both connection designs and wall aspect ratios by adding openings to the infill wall or adding reinforcing sheets inside the wall with a variety of thicknesses and arrangements.
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